Nanoelectromangetomechanical systems (NEMMS) open up a new path for the development of high speed autonomous nanoresonators and signal generators that could be used as actuators, for information processing, as elements of quantum computers etc. Those NEMMS that include ferromagnetic layers could be controlled by the electric current due to effects related with spin transfer. In the present paper we discuss another situation when the current-controlled behaviour of nanorod that includes an antiferro-(instead of one of ferro-) magnetic layer. We argue that in this case ac spin-polarized current can also induce resonant coupled magneto-mechanical oscillations and produce an oscillating magnetization of antiferromagnetic (AFM) layer. These effects are caused by i ) spin-transfer torque exerted to AFM at the interface with nonmagnetic spacer and by ii ) the effective magnetic field produced by the spin-polarized free electrons due to sd-exchange.The described nanorod with an AFM layer can find an application in magnetometry and as a current-controlled high-frequency mechanical oscillator.
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I. INTRODUCTION
Nanoelectromagnetomechanical systems (NEMMS) that convert electromagnetic energy into mechanical motion and vice versa are now of great interest for several reasons. First of all, NEMMS themselves give yet another manifestation of the coupling between magnetic and mechanical degrees of freedom. Up to now magneto-mechanical interactions were the most completely studied for the systems with no electric current (we are talking about the orientational phase transitions, see, e.g.
1 , the coupled magnon-phonon modes 2 , formation of a magneto-elastic gap 3 etc.). In these cases one can speak about thermodynamic equilibrium and describe the system with the time-independent equations. At the same time in recent years investigations in physics of magnetic phenomena have moved to a new field spintronics, where not just the current, but the spin-polarized electrical current is a critical component that forms the magnetic properties of -mainly metallic -systems.
On the other hand, recently increased attention to NEMMS is also related with their potential applications. In particular, because of small geometrical size, the fundamental mechanical modes of NEMMS fall into GHz range and corresponding devices could be used as high-frequency actuators and transducers of mechanical motion 4 (see also recent review 5 and references therein). Besides, at low temperatures (much smaller than the energy of fundamental mode) NEMMS show quantized mechanical behavior and thus could be used for the quantum measurements and quantum information processing [6] [7] [8] [9] . At last, due to high sensitivity to the external fields, including electric, magnetic and surface stresses, the NEMMS could be used as the effective tools for biological imaging 5 , magnetometry 10, 11 , for the measurement of magnetoelastic properties and magnetic anisotropy of the materials 12 etc. An effective way to induce nanomechanical oscillations is based on the spin-related phenomena, in particular, on spin transferred torque (STT) predicted by Berger 13 and Slonczewski 14, 15 . Flip of the free electron spin at the interfaces between the layers with different magnetic properties is related with the change of the angular momentum and for nanosize objects (like NEMMS) can result in the noticeable rotation, torsion or bending of the sample.
Up to dates, combination of nanomechanics and spintronics is implemented in the devices that include ferromangetic (FM) and nonmagnetic (NM) metallic layers. In a nanowire with an only FM/NM interface the FM layer servers as a polarizer for an electric current, and spin flip processes at the FM/NM interface produce a mechanical torque in the sample [16] [17] [18] [19] . Another modification of NEMMS (see [20] [21] [22] ) is analogous to spin-valves and includes at least two FM layers -one is a polarizer and the magnetization of the other is rotated by STT. Oscillations of magnetization, in turn, induce the mechanical movement, due to the presence of spin-lattice coupling.
In the present paper we propose the NEMMS which includes at least one antiferromagnetic (AFM) layer (see Fig. 1 ) that could be set into motion by spin-polarized current. Our idea is based on the following facts: i) theoretical predictions [23] [24] [25] and experimental evidence [26] [27] [28] [29] [30] of STT effects in AFMs; ii) strong (compared to FM) spin-lattice coupling in AFM that reveals itself, e.g., in the pronounced magnetoelastic effects like an energy gap for AFMR frequency 3 and shape-induced magnetic anisotropy 31, 32 . In the framework of hydrodynamic-like approach we analyze the coupled magneto-mechanical dynamics of nanorod consisting of FM, NM and AFM layers and calculate eigen frequencies and current-induced mechanical and magnetic responses of the system. We show that dissipative and nondissipative components of spin-polarized ac current contribute differently to magneto-mechanical motion and thus could be separated experimenttally. The proposed device can be also used as a current-driven nanoresonator that produces no magnetic field. The paper is devoted to the 80-th anniversary of the prominent Ukrainian experimentalist Prof. V. V. Eremenko whose contribution into the field of magnetoelasticity is remarkable and is world-wide recognized.
II. MODEL
Let us consider the NEMMS that demonstrates the torsional mechanical oscillations, e.g. doubly clamped nanorod (Fig. 1 a) . In general case, torsional dynamics can be viewed as inhomogeneous (space-dependent) rotation of the crystal lattice with respect to some reference state. On the other hand, the magnetics with the strong enough exchange coupling between the magnetic sublattices have another rotational degrees of freedom, namely, those related with the solid-like rotation of the magnetic sublattices 33 . Lattice and magnetic rotations could be coupled due to, e.g., magnetic anisotropy, magnetoelastic or/and shape effects. Thus, any spin torque transferred to the magnetic layer will induce twisting of the crystal lattice and vise versa, any mechanical torque will induce rotations/oscillations of the magnetic subsystem.
In what follows we consider a heterostructure that includes a thin (thickness d AFM ) metallic AFM layer inserted, just in the middle between two metallic NM rods (each of the length L ≫ d AFM ). Spin-polarized electric current J flowing through this system exerts spin torque to AFM layer due to spin-flip processes at the NM/AFM interface. Thus, the magnetic subsystem serves as a source of the magnetic and, as a result, the mechanical torque for the whole system.
The optimal geometry of the magnetic (FM, or polarizer, and AFM, or "rotator") layers can be predicted from general principles. Curren-induced STT is parallel to the FM magnetization, M FM , so, M FM should be parallel to the axis of nanorod. On the other hand, the most effective energy transfer between the magnetic and crystal lattices occurs for the modes with the same symmetry. So, an optimal orientation of the magnetic vectors should allow transversal (with respect to nanorod axis) oscillations with the minimal possible frequency.
It should be noted that spin-polarized current acts on AFM layer in three ways. First, STT that is proportional to the spin flux transferred to the magnetic layer and is related with dissipative processes. Second, spin current produces the effective magnetic field H sd ∝ JM FM parallel to the spin polarization. Corresponding torque that acts on AFM vector is nondissipative (adiabatic). Third, the current itself generates an Oersted field which direction and value within an AFM layer depends upon the geometry of the system. The last contribution is supposed to produce a negligible effect on AFM dynamics and will be disregarded in the following consideration 34 . The value of the effective field H sd depends upon the exchange coupling between free and localized spins (so called sd-exchange) and thus can be noticeable, especially in the case of ac current, as will be shown below.
Coupled rotational dynamics of the magnetic and crystal lattices can be described phenomenologically in the framework of continuius approach in terms of the Gibbs' vectors ϕ α = tan(θ α /2)e α that parametrize solid-like rotation of the crystal lattice (α ⇒ lat) and magnetic subsystem (α ⇒ mag) around an instantaneous rotation axis e α through the angle θ α . Vectors ϕ α (r, t) are the field variables that define the state of the crystal and magnetic lattices at a moment t in a point r. In the simplest case under consideration (thin nanorod) the rotation axis coinsides with the rod axis, so e lat e mag Z.
Time,θ α , and space, θ ′ α ≡ ∇ z θ α , derivatives of thus introduced generalized coordinates θ lat and θ mag generate the rotation frequencies and vorticities, correspondingly 35 . According to Ref. 33 , the rotating magnetic frame produces the dynamic contribution into macroscopic magnetization, M AFM , of AFM. Thus, with account of the effective magnetic field H sd Z the magnetization of AFM layer is parallel to the nanorod axis Z and its value is expressed as
where S AFM is the nanorod crossection area within AFM layer, χ is magnetic susceptibility, γ is gyromagnetic ratio. The last expression in (1) includes the material adiabatic (see below) constant β ad that defines the relation between the effective field H sd = β ad j and the the current density j = J/S AFM 36 . As follows from definition of the effective field H sd , β ad is proportional to the constant of sd-exchange and to the fraction of free electrons that did not flip their spins at NM/AFM interface. Thus, this constant describes the action of nondissipative (ad iabatic) component of spin-polarized current, as will be discussed below.
The Lagrange function of the system written from the general symmetry considerations takes a form:
Here κ is a torsion modulus (rigidity) that can be expressed through the elastic modula and the dimensions of the sample once the geometry is known, U (θ mag − θ lat ) is the energy of the magnetic anisotropy which depends upon the relative orientation of the magnetic moments with respect to crystal lattice (see Fig. 1 b) . A specific (per unit length) moment of inertia of nanorod, I(z) ≡ ρ rod (x 2 + y 2 )dxdy, is supposed to be different in NM, I(z) ≡ I NM , d AFM /2 ≤ |z| ≤ L and in AFM, I(z) ≡ I AFM , |z| ≤ d AFM /2 regions, here ρ rod is the nanorod density. In Eq. (2) we have neglected inhomogeneous exchange interactions (terms with θ ′ mag ) that are vanishingly small for a thin (below the characteristic domain wall thickness) AFM layer. We also assume that κ is constant along the rod, generalization for a more complicated case is straightforward.
Dissipative phenomena within an AFM layer that arise from the STT and internal damping are described with the help of generalized potential (or Rayleigh dissipation function) 37 as follows:
where γ AFM is a half-width of AFMR that characterizes the damping. We have also taken into account that the current polarization is parallel to the rod axis, M FM Z.
The above introduced material constant β dis that describes dissipative component of spin-polarized current needs some special explanation. The value β dis j is equal to spin-flux that is transferred to the unit volume of AFM layer due to spin-flip scattering of the conduction electrons at NM/AFM interface. Thus, two constants, β ad and β dis , though having different physical dimensions, are in a certain sense complementary: the greater is one, the smaller is other.
Damping of the mechanical oscillations are accounted by the corresponding Rayleigh function with the damping constant γ lat :
Functions (2), (3) and (4) together with the boundary conditions θ lat (±L) = 0 (doubly clamped rod) generate the system of dynamic equations for the angles θ lat , θ mag that unambiguously describes the nanorod state. Oscillatory behavior of a system implies small deflections of θ lat , θ mag from equilibrium zero values. To this end, magnetic anisotropy can be approximated as
where Ω AFMR is AFMR frequency of the mode that corresponds to homogeneous 38 (within AFM layer) rotation of the magnetic moments around Z-axis. It should be stressed that the constant of magnetic anisotropy, K AFM ≡ χΩ 2 AFMR /γ 2 , is defined by spin-orbit or dipole interactions and thus includes contribution of magnetoelastic nature.
III. COUPLED MAGNETO-MECHANICAL DYNAMICS
Let us consider small oscillations induced by ac current j = j 0 cos ωt. Corresponding equations for the space dependent functions θ lat (z) and θ mag (z) in neglection of damping could be reduced to a form:
where form-function Θ(z) = 1 inside the AFM layer (|z| ≤ d AFM /2 ) and vanishes outside it (|z| ≥ d AFM /2)). Analysis of Eqs. (5) shows that the spin-polarized current produces a mechanical torque (r.h.s. of the first equation) and thus is a motive force for torsional oscillations. The value of the torque is proportional to the magnetic anisotropy constant K AFM ∝ Ω 2 AFMR and the thickness of AFM layer (factor Θ(z)) and can increase greatly in the vicinity of AFMR (ω → Ω AFMR ). Physical interpretation of this fact is quite obvious: mechanical torque occurs due to spinlattice coupling within AFM layer and should be proportional to its thickness and coupling constant, the current acts directly on the magnetic subsystem and indirectly on the mechanical one, thus the largest effect should be observed at AFMR frequency.
A. Oscillation modes and spectrum
The rod under consideration has two types of the torsion eigen modes, symmetric (θ lat (z) = θ lat (−z)) and antisymmetric (θ lat (z) = −θ lat (−z)) with respect to space inversion. From Eqs. (5) it follows that in the present geometry the spin-polarized current can excite only symmetric modes that show maximum deflection θ lat within an AFM layer (z ≈ 0).
In the first approximation (taking into account that d AFM /L ≪ 1) the symmetric modes (see Fig. 2 a) could be represented as
were the allowed wave vector k n = π(2n + 1)/(2L) is calculated from the boundary conditions. Corresponding eigen frequencies ω (n) calculated from Eqs. (5) are the following:
where v ph = (κ/I) 1/2 is the phonon velocity and
is the averaged moment of inertia. Following the notions of Ref. 20 , we have introduced in Eq. (7) the coupling coefficient
which is proportional to the magnetic anisotropy of the whole AFM layer (with the volume
Expression (7) for eigen frequencies is analogous to one obtained in Ref. 20 for a nanorod with the FM layer. In the absence of coupling (upper panel) the mechanical modes though smeared (half-width γ lat ) are well separated due to the rather high value of quality factor Q lat . The magnetic modes (ω = ΩAFMR) are degenerated and have a pronounced width (γAFM). Magneto-mechanical coupling (lower panel) results in the "red" shift of the mechanical modes and small "blue" shift of the magnetic modes (shown by solid vertical lines). While the shifted mechanical modes are still well distinguishable, the spectrum of the shifted magnetic modes falls completely into the line width.
The expression (7) confirms quite obvious conclusion that the spectrum of nanorod consists of two brancheshigh-frequency quasimagnetic, ω (n) + , and low-frequency quasimechanical (torsional), ω (n) − . In the limit λ n → 0 the quasimagnetic frequency ω (n) + → Ω AFMR and quasimechanical one ω
Further analysis of current-induced dynamics can be simplified due to specification of "small" and "large" quantities. The frequency of the torsional fundamental, "zero", mode for a nanosized rod (L ∝ 30 ÷ 100 nm, v ph ∝ 5 · 10 3 m/s) is v ph k 0 ∝ 10 ÷ 100 GHz. Characteristic AFMR frequency for a bulk sample of a typical AFM with high Néel temperature (FeMn, IrMn, NiO) is noticeably greater, ν AFMR ≡ Ω AFMR /2π ∝ 150 ÷ 1000 GHz 39 , depending on the mode type [40] [41] [42] . So, in contrast to FM, where the fundamental frequency of the mechanical oscillations is close to the FMR frequency 20 , for the nanorods with AFM layer Ω AFMR ≫ v ph k 0 . However, for higher harmonics (with n ∝ 10 ÷ 100) the crossing of frequencies (v ph k n ∝ Ω AFMR ) is possible.
The coupling constants λ n < λ n−1 < . . . < λ 0 ≪ 1. For example, for a typical AFM Ir 20 Mn 80 the anisotropy constant K AFM ∝ 10 5 J/m 343 , so, for the 50 × 50 × 2 nm AFM layer λ 0 ∝ 10 −2 . However, it should be stressed that the constant λ 0 in AFM is substantially larger than for analogous FM layer (e.g., for Fe the value λ 0 ∝ 10 −320 ), due to the difference in magnetic anisotropy.
The quality factor of the mechanical oscillations, Q lat = v ph k 0 /(2γ lat ), strongly depends upon the surface effects but even in the worst case is as large as 10
310 . The quality factor of the metallic magnetic subsystem, Q mag = Ω AFMR /(2γ AFM ), is much smaller, e.g., for the metallic FM the quality factor Q mag ∝ 10 220 . Thus, the spectrum of the mechanical and magnetic excitations (Eq. (7)) for a typical AFM-based nanorod has the following features (see Fig. 2b ):
i) in the absence of coupling (λ = 0) the spectrum of the mechanical modes consists of thin (Q lat ≫ 1) wellseparated lines. The spectrum of the magnetic modes is degenerated (ω = Ω AFMR ), corresponding line is rather thick;
ii) far from the crossing the coupling-induced shift of the frequencies, ω
, is vanishingly small. So, "mechanical" modes are still well separated, while the splitting of the "magnetic" modes is below the line width;
iii) in the vicinity of crossing the splitting of the mechanical and magnetic modes is substantially greater, ω
Damping processes are defined mainly by the magnetic subsystem, so, corresponding quality factor is close to Q mag . Thus, the magnetic and mechanical modes could be resolved providing √ λ n Q mag > 1.
B. Current-induced oscillations
From the properties of oscillation spectrum it follows that current-induced behavior of nanorod is different in the low-frequency (ω ≪ Ω AFMR ) and high-frequency (ω ∝ Ω AFMR ) ranges. Let us consider them separately.
In the low-frequency range the last term in the l.h.s. of the first of Eqs. (5) is small (∝ λ) and can be neglected. To this end, torsion angle of mechanical oscillations is expressed as
where φ is the frequency dependent phase shift with respect to j, in the vicinity of resonance φ → π/2. It can be easily seen from Eq. (9) that the current-induced torsional oscillations have clearly defined resonance character at ω = ω (n) − ≈ v ph k n . Space dependence of θ lat (z) at a given ω (see Fig. 2 a) is close to the mechanical eigen modes. The resonant amplitude obtained from Eq. (9) is
Here the factor i reflects the phase shift of the torsion angle with respect to current. As seen from Eq. (10), rotation of lattice results from two effects induced by spin-polarized current, namely, dissipative STT (∝ β dis ) and adiabatic effective spin-induced field (∝ β ad ). The first contribution diminishes with the frequency (∝ n) growth, while the second one is frequency independent (at least, for ω ≪ Ω AFMR ). Moreover, STT-induced term is phase-shifted with respect to current, while adiabatic term is in phase with current. This opens a way to separate these contributions by measuring current dependence of resonant torsional oscillations.
An amplitude of the corresponding magnetic oscillations differs from θ (n) lat (res) by the factor (1 + 2iλ 0 Q lat ), as seen from the following
It also depends upon both dissipative and nondissipative current-induced contributions, however, phase shift with respect to current is much more complicated due to the term with λ 0 Q lat . Time derivativeθ
mag (res) is proportional to magnetization of AFM layer (see Eq.
(1) and thus can be detected experimentally.
In the high-frequency range the magnetic modes with different n are almost degenerated. So, the current induces mechanical,
and magnetic, 
oscillations with the frequency ω ≈ Ω AFMR .
IV. CONCLUSIONS
In the present paper we considered new aspect of magneto-elastic interactions and studied magnetomechanical oscillations induced by spin-polarized current for the simplest of twisting nanorod. Our calculations demonstrate that ac spin-polarized current can excite quasimechanical (torsional) as well as quasimagnetical modes.
It is interesting to note that the ac spin-polarized current affects the AFM layer in the case of strong scattering at NM/AFM interface (due to STT effect) and in the case of weak scattering as well (due to the effective sd-exchange field "injected" with free electrons into AFM layer). Ratio between dissipative and nondissipative contribution is proportional to the phase shift between mechanical oscillations and current and thus can be measured experimentally in the low frequency range.
An amplitude of quasimechanical mode depends upon the geometry of the sample (see Eq. (10)) and can be enhanced by diminishing the moment of intertia (e.g. by using carbon nanotubes 44 ) and by enlarging AFM volume V AFM . However, if the thickness of AFM layer, d AFM , becomes greater than the free path of spin-polarized electrons, contribution of dissipative (STT) part will be reduced.
The effectiveness of the described electric-through-magnetic-to-mechanical energy conversion can be increased by using nanorod with periodical FM/NM/AFM structure, however this system needs additional treatment and is out of scope of this paper.
In this work we considered torsional oscillations of the effectively one dimensional structure. Analogous results could be obtained for nanobeams that show flexional oscillations.
